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Abstract
Aging is characterized by systemic dysregulation of intercellular communication, with extracellular vesicles (EVs) serving as key mediators 
that transport bioactive molecules, including long non-coding RNAs (lncRNAs), to modulate tissue homeostasis and aging processes. In this 
review, we summarize how EVs selectively package and deliver lncRNAs between cells, thereby transmitting senescence-related signals. 
These EV-associated lncRNAs regulate core aging-related signaling pathways such as p53, mammalian target of rapamycin (mTOR), and 
sirtuins, influencing cellular senescence, stress adaptation, and systemic aging. In age-related diseases, including neurodegenerative, 
cardiovascular, and metabolic disorders, as well as osteoarthritis, EV-lncRNAs play significant pathophysiological roles by mediating 
inflammation, metabolic dysregulation, and tissue repair. Owing to the protection provided by the vesicular membrane and the selectivity of 
their loading, EV-lncRNAs exhibit exceptional stability and cell-type specificity in biofluids, positioning them as candidate biomarkers for 
aging clocks and disease risk stratification. Furthermore, they also hold potential as vehicles for therapeutic delivery. However, progress in 
this field is constrained by methodological heterogeneity in EV isolation and characterization, a lack of causal in vivo validation, and an 
incomplete understanding of lncRNA sorting mechanisms. Emerging advances in experimental and analytical technologies are expected to 
overcome these bottlenecks and facilitate the translation of EV-lncRNA regulatory networks into precision diagnostics and aging-targeted 
therapeutic strategies.
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1. Introduction
Aging is a systemic process driven by disrupted intracellular regulation and altered intercellular communication. Long non-coding 
RNAs (lncRNAs) play a central regulatory role in aging[1], showing pronounced age-dependent expression changes across tissues and 
participating in aging-related pathways[2]. Recent evidence indicates that aging-associated lncRNAs can be selectively packaged into 
extracellular vesicles (EVs) and transmitted between cells, rather than being passively released[3,4]. Functional roles of EV-associated 
lncRNAs secreted by senescent cells remain unclear, representing an important knowledge gap in aging research[5]. Moreover, 
circulating EV-lncRNA profiles correlate closely with chronological age and age-related diseases, underscoring their potential as 
sensitive biomarkers for systemic aging[6]. Collectively, EV-associated lncRNAs constitute an emerging regulatory axis linking 
intracellular gene regulation to systemic aging processes. Their stability, specificity, and regulatory richness highlight EV-lncRNAs as 
promising biomarkers and therapeutic targets for precision aging, although standardized EV methodologies and rigorous 
tissue-specific validation remain essential for clinical translation.

In this review, “EVs-mediated” refers to the intercellular communication process involving EVs, whereas “EV-derived lncRNAs” 
specifically denotes the lncRNA molecules that are selectively packaged and transported by EVs.

Aging is an inevitable and multifactorial biological process. It is characterized by a progressive decline in physiological functions, 
regenerative capacity, and stress resistance. Aging arises from the cumulative effects of molecular, cellular, and systemic 
perturbations, which gradually disrupt tissue homeostasis. The fundamental hallmarks of aging include genomic instability, telomere 
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attrition, epigenetic alterations, loss of proteostasis, disabled macroautophagy, deregulated nutrient sensing, mitochondrial 
dysfunction, cellular senescence, stem cell exhaustion, altered intercellular communication, chronic inflammation, and dysbiosis[7]. 
Increasing evidence indicates that aging is not solely driven by intracellular damage accumulation, but also by the propagation of 
stress signals between cells and tissues. Senescent and stressed cells actively remodel their microenvironment through the 
senescence-associated secretory phenotype (SASP), releasing cytokines, chemokines, metabolites, and EVs. EVs serve as a key 
component of the SASP, facilitating the protected and targeted transfer of bioactive cargos beyond soluble factors to neighboring or 
distant cells[8,9], thereby amplifying inflammatory signaling, metabolic imbalance, and tissue dysfunction at the organismal level[10,11].

EVs are nanosized, membrane-bound particles released by nearly all cell types and represent key mediators of intercellular 
communication[12]. According to their biogenesis and size, EVs are broadly categorized into exosomes (≈30-150 nm, endosomal 
origin), microvesicles (≈100-1,000 nm, plasma-membrane budding), and apoptotic bodies (≈500-2,000 nm, derived from dying 
cells)[13]. They transport diverse bioactive molecules, including proteins, lipids, DNA, mRNAs, microRNAs, and lncRNAs, that can 
reprogram transcriptional states, metabolism, and cellular fate in recipient cells[14]. In the context of aging, EVs have attracted 
increasing attention not only as circulating biomarkers that reflect tissue status, but also as functional effectors and therapeutic 
vehicles, particularly those derived from young or stem cells with regenerative and anti-inflammatory properties[15].

Among EV cargos, lncRNAs, which are transcripts longer than 200 nucleotides lacking protein-coding potential, have emerged as 
particularly compelling regulators due to their high cell-type specificity and versatile regulatory functions. lncRNAs can act as 
molecular scaffolds, decoys, or guides to modulate chromatin states, transcriptional programs, and post-transcriptional 
regulation[16,17]. Compared with proteins and microRNAs, lncRNAs display greater cell-type specificity and regulatory versatility, 
enabling them to act as scaffolds, decoys, or guides. When transferred via EVs, these properties allow lncRNAs to serve as stable and 
selective signals that propagate aging-associated regulatory states across tissues[18]. EV-associated lncRNAs can be categorized based 
on genomic context, structural determinants of vesicular loading[19], functional mechanisms in recipient cells, and cellular origin, 
highlighting their capacity to act as potent intercellular regulators of epigenetic and transcriptional programs[20,21].

During aging, senescent cells secrete EVs containing diverse bioactive cargos, including oxidized proteins, inflammatory mediators, 
and lncRNAs. Direct in vivo evidence for EV lncRNA-mediated propagation of aging signals remains limited. However, studies in 
cancer and stem cell models show that EV-derived lncRNAs can be delivered to neighboring or distant cells, where they modulate 
signaling pathways such as NF-κB, Wnt, and inflammatory cascades[22]. These findings support the mechanistic plausibility that 
EV-lncRNAs could propagate senescence- or inflammation-related signals in a paracrine or endocrine manner, potentially 
contributing to systemic tissue dysfunction. In contrast, EVs released from young or stem cells convey rejuvenating lncRNAs and 
other bioactive cargos that help restore mitochondrial homeostasis, suppress inflammatory pathways, and mitigate 
senescence-associated signaling[23,24]. Encapsulation within EVs protects lncRNAs from enzymatic degradation, enabling their stable 
presence in body fluids and supporting their potential as noninvasive biomarkers of biological aging[15,24]. Circulating EV microRNAs 
exhibit age-dependent expression patterns, showing promise for constructing molecular aging clocks that may provide noninvasive 
estimates of biological age[25,26]. Given that lncRNAs can be selectively packaged into EVs and exhibit broad regulatory versatility[27], 
EV-associated lncRNAs may similarly reflect biological aging processes. This raises the possibility that EV-lncRNAs could be exploited 
to develop lncRNA-based aging clocks, although validation in large-scale longitudinal studies is still required. Beyond aging models, 
EV-lncRNAs also hold potential in precision aging medicine. However, their application will depend on a deeper understanding of the 
mechanisms governing selective lncRNA packaging into EVs. At present, these mechanisms remain largely undefined.

In summary, the interaction between intrinsic cellular damage and EV-mediated lncRNA signaling represents a regulatory axis 
contributing to aging initiation and systemic propagation. Elucidating how EV-lncRNAs couple intracellular stress responses with 
intercellular communication may provide a molecular basis for lncRNA-guided diagnostics and interventions in age-related decline.

2. EV-Derived lncRNAs in the Regulation of Aging Processes
EVs are key mediators of intercellular communication, capable of transmitting both protective and regulatory signals that help 
maintain tissue homeostasis. In the context of aging, EV-associated lncRNAs may play dual roles, contributing to adaptive cellular 
responses while also influencing the onset and propagation of senescence. As cells enter a senescent state, EV secretion is markedly 
increased, exceeding canonical SASP factors[28,29]. Senescent or late-passage cells release substantially higher numbers of EVs than 
proliferating cells. These EVs are enriched in lncRNAs whose expression is associated with cellular senescence, as well as other 
regulatory molecules, suggesting a potential role in propagating aging-related signals[30]. By transferring their cargo (which may 
include regulatory lncRNAs, miRNAs, and proteins), senescent cell-derived EVs can modulate key senescence signaling pathways in 
recipient cells, thereby potentially promoting a senescent phenotype. While senescent EV-associated lncRNAs are biologically 
plausible mediators, their specific and necessary role in this process awaits direct experimental validation[31,32]. This intercellular 
communication can drive both localized and systemic senescence, exemplifying a “bystander effect” in tissue aging[33]. These 
observations indicate that EVs from senescent cells function not only as conveyors of senescence signals but also as modulators of 
critical aging-related pathways. They provide a conceptual framework for exploring their molecular cargo and functional impacts in 
future studies[34,35].
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2.1 Mechanistic considerations for EV-lncRNA transfer in aging contexts
The functional involvement of EV-associated lncRNAs in aging depends on two tightly coupled processes: their selective 
incorporation into EVs and their subsequent delivery to recipient cells. As summarized in Figure 1, these steps together constitute an 
integrated transmission axis that provides the mechanistic foundation for aging-related intercellular communication.

Figure 1. Mechanisms of lncRNA loading into EVs. EV: extracellular vesicle; lncRNAs: long non-coding RNAs; MVB: multivesicular body; ESCRT: endosomal sorting complexes 

required for transport; m6A: N6-methyladenosine; EXO: exosome; RNA: ribonucleic acid.

Selective lncRNA incorporation into EVs is governed by coordinated interactions between RNA sequence or structural features, 
RNA-binding proteins (RBPs), and vesicle biogenesis machinery (Figure 1). Emerging evidence indicates that lncRNAs with shorter 
length, higher structural stability, or defined secondary structures are preferentially loaded into EVs, while specific RNA regions, 
including elements within the 3’ untranslated region (UTR), further contribute to selective sorting[19]. Additionally, the 3’UTR of RNA 
may also contain loading signals, with specific segments or elements (such as fewer A/U-rich regions) aiding in guiding lncRNA into 
EVs[19,36]. These sequence features typically interact with RBPs to recognize specific motifs or structures on RNA, forming RNA–RBP 
complexes that enable selective transport. As illustrated in Figure 1, hnRNPA2B1 acts as a molecular adaptor that recognizes 
cytoplasmic lncRNAs containing the EXO-motif (e.g., GGAG). It facilitates their recruitment to sites of intraluminal vesicle formation 
within multivesicular bodies[37]. Mechanistic insights into RBP-mediated lncRNA sorting have largely been derived from cancer and 
other model systems. For example, in renal cell carcinoma, the drug resistance-associated LncARSR has been shown to rely on 
hnRNPA2B1 for its incorporation into EVs, and depletion of hnRNPA2B1 markedly reduces LncARSR levels within EVs[38]. Although 
specific studies in senescent or aged cells are still emerging, RBP-mediated sorting mechanisms observed in other cellular contexts 
may similarly contribute to the packaging of lncRNAs into EVs during aging, considering the conserved nature of RBPs and RNA motif 
recognition[19]. Similarly, as summarized in Figure 1, the lncRNA H19 carries a GGAG sequence at its 5’ end, which binds to hnRNPA2B1 
and enables its selective packaging into EVs. Mutating this motif or knocking down hnRNPA2B1 both impedes its loading[39]. Other 
RBPs shown in Figure 1 regulate lncRNA fate through distinct recognition modes. Human antigen R (HuR, encoded by ELAVL1) binds 
AU-rich elements and modulates RNA stability and transport[40]; LncRNA PDCD4-AS1 influences PDCD4 mRNA stability by interfering 
with HuR binding via double-stranded RNA formation[41]. Y-box binding protein 1 (YBX1) binds to CA-rich or UC-rich elements and 

Ageing Cancer Res Treat. 2026;3:202522 | https://doi.org/10.70401/acrt.2026.0011 Page 3 of 15

https://doi.org/10.70401/acrt.2026.0011


mediates the exosomal loading of specific lncRNAs such as lncRNAAC073352.1. This process is closely associated with metastasis and 
angiogenesis in breast cancer[42,43].

RNA chemical modifications add an additional regulatory layer to selective lncRNA sorting, with m5C marks recognized by YBX1 and 
NSUN2 enhancing the stability and EV-mediated signaling capacity of lncRNA H19[44], and m6A modification facilitating 
hnRNPA2B1-dependent loading of lncRNAs into EVs[45,46]. Environmental and cellular states similarly influence lncRNA loading, as 
illustrated in Figure 1. When cells experience hypoxia, inflammation, or aging-related stress, RBP expression and membrane lipid 
composition change, thereby indirectly regulating the selective loading of lncRNAs[47,48]. When cells select suitable lncRNAs, ceramide 
enriched by lipid rafts promotes negative curvature formation in endosomal membranes via nSMase2, thereby promoting the 
formation of intraluminal vesicles (ILVs)[49]. At the same time, ALIX (ALG-2-interacting protein X)[50,51] and CD63[19,52] serve as 
Membrane-anchored factors. They accumulate in specialized membrane microdomains, providing space and structural support and 
spatial niches for the entry of RNA–RBP complexes[53]. Additionally, aging or stress stimuli can modulate EV secretion by regulating 
the expression of components such as Rab GTPases[54] or the endosomal sorting complexes required for transport (ESCRT)[55]. As 
captured schematically in Figure 1, the ESCRT complex contributes to the inward budding and scission of ILVs, thereby enabling the 
incorporation of lncRNA–RBP complexes into nascent EVs, which in turn affect EV release levels[56]. Collectively, these processes 
establish a highly regulated, multi-level framework that governs the selective loading of lncRNAs into EVs.

This figure provides a mechanistic framework rather than aging-specific pathways. Under stress or aging conditions, specific RBPs 
such as hnRNPA1, hnRNPA2B1, and hnRNPK recognize lncRNAs through sequence motifs (e.g., GGAG, U-rich, or EXO-motifs) and 
facilitate their sorting into ILVs via ESCRT-dependent or tetraspanin/ceramide-mediated pathways. The multivesicular body 
subsequently fuses with the plasma membrane to release EVs containing lncRNA cargo.

Beyond their selective packaging into EVs, lncRNAs also actively influence subsequent stages of EV communication. EV uptake by 
recipient cells occurs primarily via endocytosis (clathrin-, caveolin-mediated, or macropinocytosis) or membrane fusion, with 
receptor-mediated signaling also contributing to intracellular pathway activation without full internalization[51,57]. Certain EV-derived 
lncRNAs enhance reuptake through feedback signaling; for instance, lncARSR activates the Epidermal Growth Factor 
Receptor/Protein Kinase B (AKT) pathway in recipient cells, establishing a positive feedback loop that promotes EVs’ 
internalization[38,58]. Other lncRNAs indirectly influence uptake by regulating the expression of Rab GTPases or integrins, thereby 
modulating vesicle trafficking and membrane adhesion[59]. Moreover, specific lncRNAs such as H19 and LincRNA01703 can remodel 
lipid rafts and the actin cytoskeleton of target cells, facilitating EV adhesion and internalization[59,60]. Overall, these findings delineate a 
reciprocal regulatory model in which EVs deliver lncRNAs as functional signaling cargo, while lncRNAs actively reshape the molecular 
landscape governing EV recognition, entry, and release. This dynamic feedback mechanism not only fine-tunes intercellular 
communication but also provides a conceptual framework for developing lncRNA-guided EV-based diagnostic and therapeutic 
strategies. Importantly, in the context of aging, age-related changes in stress responses, RBP expression, and membrane dynamics 
may alter EV-mediated lncRNA communication, highlighting the potential role of EVs in aging processes and age-associated 
pathologies.

2.2 EVs-mediated lncRNA regulation of cellular aging pathways
Following their established roles in EV packaging and uptake, EV-derived lncRNAs further modulate key signaling pathways in 
recipient cells, thereby influencing cellular aging processes. Cellular senescence, a state of irreversible cell-cycle arrest, is a 
fundamental contributor to organismal aging and age-related pathologies. The signaling pathways governing senescence, most 
notably p53, mTOR, and sirtuins, are frequently dysregulated during aging. Emerging evidence suggests that EV-derived lncRNAs may 
function as intercellular messengers to modulate these pathways in recipient cells and thereby influence senescence-associated 
processes. This section focuses on evidence from aging and senescence models, while noting that mechanistic understanding is 
partly informed by studies from related fields, including cancer biology.

The p53 pathway is a master regulator of genomic stability and cellular stress responses and plays a dual role in tumor suppression 
and aging. Transient activation of p53 promotes DNA repair and cell survival, whereas chronic or excessive p53 signaling induces 
senescence or apoptosis and is associated with tissue degeneration and reduced regenerative capacity during aging[61]. Evidence 
from Aging and Age-Related Disease Models: Direct evidence linking EV-lncRNAs to p53 regulation in aging tissues is still emerging. 
However, instructive parallels are provided by studies in age-related disease models. For instance, in myocardial 
ischemia-reperfusion (an age-exacerbated condition), EVs carrying LINC00174 suppress p53-mediated autophagy and apoptosis in 
cardiomyocytes, mitigating injury[62]. This finding suggests that EV-lncRNAs may be capable of delivering functional p53-modulatory 
signals under age-related stress conditions. Mechanistic Insights from Cancer Models: To further explore potential mechanisms, 
insights can be drawn from extensively characterized cancer systems. In p53-mutated ovarian cancer, cisplatin-induced EVs carrying 
lncRNA PANDAR modulate p53-associated stress responses to enhance cell survival[63,64]. Although these findings arise in a distinct 
pathological context, they reveal molecular principles by which EV-lncRNAs interface with the core p53 pathway. Such conserved 
mechanisms suggest testable models for EV–lncRNA-mediated modulation of p53 in senescence and tissue aging.
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mTOR is a central regulator of cellular growth, metabolism, and aging. Its chronic activation accelerates aging by suppressing 
autophagy and promoting metabolic imbalance[65]. Evidence Linking EV-lncRNAs to mTOR in Aging Contexts: Excessive mTOR 
activation in aged tissues is closely associated with impaired autophagy and diminished cellular homeostasis[24]. EV-lncRNAs such as 
MALAT1[66,67] and GAS5[68] have been shown to regulate inflammatory responses and autophagy through the PI3K/AKT/mTOR pathway 
(Figure 2), suggesting a potential role in age-associated metabolic reprogramming. Mechanistic Insights from Disease Models: In 
non-small cell lung cancer, EVs containing lncRNA-UFC1 suppress PTEN transcription via EZH2, thereby activating mTOR signaling in 
recipient cells[69]. This exemplifies how EV-derived lncRNAs can reinforce mTOR signaling to alter cellular fate decisions, a mechanism 
relevant to age-associated mTOR hyperactivation.

Figure 2. Schematic overview of EV-associated lncRNAs in aging-related signaling networks. EV: extracellular vesicle; lncRNAs: long non-coding RNAs; GAS5: growth 

arrest–specific 5 RNA; MALAT1: metastasis-associated lung adenocarcinoma transcript 1; NF-κB: nuclear factor kappa-light-chain-enhancer of activated B cells; 

AMPK: AMP-activated protein kinase; PI3K: phosphoinositide 3-kinase; AKT: protein kinase B; Wnt/β-catenin: canonical signaling pathway regulating osteogenesis.

Sirtuins are NAD+-dependent deacetylases that coordinate redox balance, genomic stability, and metabolic homeostasis. Their 
functional decline is a hallmark of cellular aging[70,71]. Research has revealed that lncRNAs within EVs can influence cellular 
senescence by regulating the expression and activity of sirtuins, thereby modulating aging-related stress adaptation at the 
intercellular level. These lncRNAs typically act through two principal mechanisms: modulating miRNA targeting of sirtuin mRNAs 
(primarily SIRT1 or SIRT2) via a “sponge” or competitive endogenous RNA mechanism, or regulating sirtuin protein stability, for 
example, through deubiquitinating enzymes such as USP22. Through these mechanisms, EV-derived lncRNAs serve as upstream 
modulators of sirtuin-dependent aging pathways. EV-lncRNAs in Sirtuin-Mediated Protection: EVs carrying lncNEAT1 can sequester 
miR-221-3p, thereby promoting SIRT2 expression and mitigating doxorubicin-induced cardiomyocyte senescence[72] (Table 1). This 
provides evidence that EV-lncRNA–mediated activation of sirtuin signaling can counteract stress-induced cellular aging. Similarly, 
EVs from bone marrow mesenchymal stem cells (MSCs) carrying lnc-KLF3-AS1 can increase SIRT1 protein stability via USP22, 
improving outcomes in brain injury models[90]. Modulation of Aging Phenotypes: LncRNA H19 within EVs can adsorb miR-138 to 
upregulate SIRT1, reducing UVB-induced DNA damage and photoaging phenotypes[91] (Table 1). These findings highlight how 
EV-lncRNAs can serve as upstream modulators of sirtuin-dependent aging pathways across different tissues.
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Table 1. Representative pathways mediating the effects of EV-derived lncRNAs on aging.

Pathway Main Function Representative LncRNA Potential EV-Mediated Effect

p16–Rb Cell cycle arrest ANRIL Induces senescence in neighboring cells[73,74]

ATM/ATR DNA damage response NORAD Paracrine transmission of DNA damage signals[75,76]

AMPK–PGC1α Energy homeostasis H19 Regulates mitochondrial metabolism[77,78]

NF-κB mitigating inflammation a1 prevention and repair of aging-induced damage[79,80]

JAK/STAT SASP secretion LincRNA-p21 Activates STAT3 signaling[81]

TGF-β/SMAD Fibrosis and EMT CYTOR Promotes tissue aging[82]

Nrf2–Keap1 Antioxidant defense MALAT1 Attenuates oxidative senescence[83,84]

Wnt/β-catenin Stem cell renewal HOTAIR, NEAT1 Causes imbalance in tissue regeneration[85,86]

PI3K/AKT Metabolic/apoptotic balance GAS5 Inhibits survival signaling[68,87]

Epigenetic Chromatin regulation XIST, HOTAIR Drives epigenetic remodeling[88,89]

EV: extracellular vesicle; lncRNAs: long non-coding RNAs; ANRIL: antisense non-coding RNA in the INK4 locus; DNA: deoxyribonucleic acid; AMPK: AMP-activated protein 
kinase; H19: imprinted maternally expressed lncRNA involved in growth control; NF-κB: nuclear factor kappa-light-chain-enhancer of activated B cells; 
MALAT1: metastasis-associated lung adenocarcinoma transcript 1; SASP: senescence-associated secretory phenotype; PI3K: phosphoinositide 3-kinase; AKT: protein kinase B; 
Wnt/β-catenin: canonical signaling pathway regulating osteogenesis; HOTAIR: HOX transcript antisense RNA.

These EV-derived lncRNAs regulate intracellular processes and mediate intercellular signaling, thereby potentially affecting the 
senescence of neighboring and distant tissues (Figure 2). A summary of additional key aging-related pathways influenced by 
EV-derived lncRNAs is provided in Table 1. Targeting these EV-lncRNA axes may offer promising strategies for delaying tissue aging 
and developing novel anti-aging therapies.

EV-derived lncRNAs from senescent or tumor cells participate in key regulatory axes of aging, including the representative pathways. 
Dysregulation of these signaling cascades influences autophagy, apoptosis, and DNA repair, ultimately determining cellular fate, 
tissue regeneration capacity, and age-associated pathophysiological processes.

2.3 Epigenetic functions of lncRNAs
Given their established roles in modulating aging-associated signaling pathways, EV-derived lncRNAs may further influence cellular 
phenotypes through epigenetic regulation. By altering chromatin states and gene expression patterns in recipient cells, these 
lncRNAs can reinforce or modulate aging-related responses, highlighting an additional layer through which EV-lncRNAs contribute to 
the aging process. lncRNAs have emerged as central epigenetic regulators in diverse physiological and pathological contexts, 
including tumorigenesis and aging. Within the nucleus, lncRNAs can directly modulate chromatin architecture. For instance, the 
well-characterized HOTAIR lncRNA recruits the PRC2 complex and the histone demethylase LSD1 to mediate H3K27 trimethylation 
and H3K4 demethylation[92], thereby reshaping chromatin architecture and regulating gene expression with high specificity[22,93]. 
Evidence shows that lncRNAs such as H19, LNMAT2, and AL139294.1 can be selectively packaged into EVs and delivered to recipient 
cells, where they epigenetically silence target genes through DNA methylation or histone modifications, thereby promoting tumor 
progression[22,94]. EV-packaged lncRNAs mediate intercellular communication, extending their epigenetic regulation beyond 
individual cells and highlighting their potential as biomarkers and therapeutic targets in aging and disease.

3. EV-Derived lncRNAs as Emerging Mediators in Age-Related Diseases
3.1 Neurodegenerative diseases
In neurodegenerative diseases, lncRNAs within EVs are believed to play a crucial role in inter-neuronal signaling, neuroinflammation 
regulation, and maintenance of cellular homeostasis. Taking Alzheimer’s disease as an example, studies reveal that the EV-derived 
lncRNA BACE1-AS stabilizes BACE1 mRNA, promoting excessive Aβ production and thereby exacerbating neurotoxicity and amyloid 
plaque deposition[95,96]. Interestingly, MALAT1 displays neuroprotective properties, limiting neuronal apoptosis and oxidative stress 
while dampening inflammatory processes[97]. In Parkinson’s disease, EV-derived lncRNAs NEAT1 regulate α-synuclein aggregation, 
mitochondrial dysfunction, and inflammasome activation, contributing to dopaminergic neuronal degeneration[98]. Notably, aging 
significantly alters the lncRNA loading profile of EVs, transforming these molecules into potential biomarkers for early diagnosis 
beyond their role as pathological signal carriers in the nervous system. Future strategies targeting the expression and loading of 
EV–lncRNAs, or utilizing engineered EVs to deliver protective lncRNAs, may provide novel therapeutic avenues for intervening in 
neurodegenerative diseases.
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3.2 Cardiovascular disease
Recent studies have highlighted the therapeutic potential of EV-encapsulated lncRNAs in cardiovascular diseases. 
Ischemia/reperfusion (I/R)-treated cardiomyocytes release EVs enriched with lncRNA KLF3-AS1, which enhances IGF-1 secretion by 
MSCs to mitigate myocardial injury[99]. Similarly, MSCs pretreated with macrophage migration inhibitory factor secrete EVs 
containing lncRNA NEAT1, which is transferred to cardiomyocytes to alleviate doxorubicin-induced cardiac senescence[72]. Reviews 
have further emphasized that exosomal lncRNAs exert cardioprotective effects across myocardial infarction, myocardial fibrosis, and 
I/R injury by regulating apoptosis, fibrosis, and inflammation[100,101]. In addition, atorvastatin has been shown to enhance the 
therapeutic efficacy of MSC-derived EVs in acute myocardial infarction, partly by upregulating exosomal lncRNA H19, thereby 
improving cardiac repair[102]. Collectively, these findings indicate that EV-associated lncRNAs not only function as intercellular 
signaling mediators but also hold promise as therapeutic agents in cardiovascular disease management.

3.3 Immune aging and metabolic syndrome
Exosomal lncRNAs play a pivotal role in linking the vicious cycle of immune senescence and metabolic syndrome by mediating 
precise organ-cell dialogues. EVs released by senescent or stressed immune cells, such as macrophages rich in lncRNAs like NEAT1 
and MALAT1, act as inflammatory messengers[103,104]. By activating pathways like NF-κB, they drive M1 polarization of macrophages 
and stimulate secretion of inflammatory cytokines, including IL-6 and TNF-α[103,105], thereby establishing systemic inflammatory 
senescence. Simultaneously, these lncRNAs exacerbate T-cell exhaustion and dysfunction by regulating immune checkpoint 
molecules like PD-1[106]. Regarding metabolic syndrome, adipose tissue-derived extracellular lncRNAs in obesity directly transmit 
metabolic disturbance signals to insulin-sensitive tissues like liver and muscle[107]. By interfering with critical nodes in the IRS-1/Akt 
insulin signaling pathway, they induce systemic insulin resistance[108]. Concurrently, lncRNAs like H19 promote de novo hepatic lipid 
synthesis by regulating transcription factors such as SREBP-1c[109], thereby exacerbating hepatic steatosis[68]. Exosomal lncRNAs 
establish an efficient signaling bridge between immune aging and metabolic syndrome. They convert metabolic stress signals from 
energy excess into immune inflammatory signals and transmit the aged and dysfunctional state of the immune system to metabolic 
tissues, thereby driving a mutually reinforcing vicious pathological cycle.

3.4 Osteoarthritis regeneration
Osteoarthritis (OA) is a prevalent age-related degenerative joint disease characterized by cartilage degradation, synovial 
inflammation, and subchondral bone remodeling. Its incidence increases sharply with aging, making it a major contributor to pain 
and disability in elderly populations. Recent studies suggest that intercellular communication mediated by EVs and their lncRNA 
cargo plays critical roles in OA pathogenesis and therapy. EVs carrying lncRNAs have been shown to modulate cellular functions 
relevant to OA progression and joint repair. For instance, H19 promotes osteogenesis and angiogenesis by binding miR-106 and 
activating the Lnc-H19/Tie2-NO axis[80]; MALAT1 enhances osteoblast function via the miR-34c/SATB2 axis[110]; and osteoclast-derived 
LOC103691165 promotes bone repair by binding Osterix to reduce its ubiquitination and degradation[111]. These findings indicate that 
EVs not only serve as lncRNA delivery vehicles but also coordinate multi-cellular, multi-gene networks and signaling pathways. In OA 
research, synovial mesenchymal stem cell-derived EVs carrying lncRNA SNHG14[112] promote cartilage matrix synthesis, repair 
cartilage damage, and alleviate pain in OA rat models, demonstrating potent anti-inflammatory and chondroprotective effects. 
Engineered delivery systems, such as hydrogel sustained-release[113], prolong EVs’ retention within the joint cavity, enabling 
continuous release[114]. Collectively, these findings underscore the pivotal role of EV-lncRNA complexes in age-related joint 
degeneration and repair, providing a mechanistic and translational foundation for EV-based OA therapies.

4. EV-Derived lncRNAs as Biomarkers and Precision Indicators of Aging
Compared with traditional circulating lncRNAs or protein biomarkers, exosomal lncRNAs exhibit exceptional stability and high 
specificity, making them highly promising candidates for biomarkers of aging and age-related diseases. Their stability stems from a 
dual mechanism: the EVs’ lipid bilayer protects RNAs from RNase degradation in the bloodstream, and the intracellular 
microenvironment preserves RNA integrity during storage and circulation, supporting reliable clinical detection[115,116]. Crucially, 
their loading is not random but reflects a selective “molecular snapshot” of the parent cell’s physiological or pathological state[24]. 
Their lncRNA profiles have the potential to serve as precise “molecular signatures,” revealing cellular origin and functional 
status[117,118]. As enriched and stable carriers of biomarkers, EVs hold immense potential for the diagnosis, prognosis, and therapeutic 
monitoring of malignant and non-malignant diseases[119].

4.1 Biomarkers for systemic aging
Population studies reveal that EV-lncRNA profiles undergo systematic changes with age, contributing to molecular models that 
predict biological age, such as lncRNA-based aging clocks[23,120]. Although independent validations have demonstrated their 
practicality and potential causal associations, large-scale longitudinal cohorts are still required[121]. Direct clinical evidence is 
emerging: in a study of 155 elderly individuals, a three-plasma-EV-lncRNA signature (LINC001380, ENST00000484033, 
ENST00000531087) differentiated those with mild cognitive impairment with an AUC of ~0.70[6]. Complementary primate studies 
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confirm that lncRNAs exhibit dynamic, stage-specific expression patterns during critical aging windows, distinct from other RNA 
species[122]. Compared with individual markers, these EV-lncRNAs offer enhanced sensitivity through combinatorial signatures, tissue- 
and cell-type specificity, and stability conferred by vesicle encapsulation, supporting their utility as reliable biomarkers for early 
detection, monitoring, and risk stratification. Beyond their value as biomarkers of aging, EVs can also function as delivery platforms 
for functional lncRNAs.

4.2 Diagnostic and prognostic applications in age-related diseases
Multiple patient-based studies have demonstrated that tissue-enriched EV-derived lncRNAs can be detected in circulation and serve 
as non-invasive biomarkers. In neurodegenerative disease, elevated levels of brain-derived, EV-associated BACE1-AS in plasma 
correlate with Alzheimer’s pathology[95]. In cardiovascular aging, plasma EV-ANRIL and H19 levels are linked to disease severity and 
prognosis[101,123]. For metabolic disorders, adipose tissue-derived EV-lncRNA MEG3 shows an association with insulin resistance, 
potentially serving as an early indicator[108]. In age-related diseases, distinct EV-derived lncRNAs signatures allow patient stratification 
and prediction of treatment response, as shown in hepatocellular carcinoma and advanced cancer[124]. Circulating EV-derived 
lncRNAs also reflect disease activity in systemic autoimmune disorders and cardiovascular aging, supporting individualized risk 
assessment[125]. These combinatorial signatures consistently demonstrate superior diagnostic performance over single markers[126,127].

4.3 Therapeutic potential and translational challenges
Notably, EV-mediated transfer of lncRNA H19 splice variants to cardiac cells promotes cardiac repair, providing proof-of-concept for 
EV-lncRNA-based strategies targeting age-associated functional decline[128]. Their dynamic expression changes during treatment 
render them sensitive tools for real-time monitoring of therapeutic efficacy[129,130]. However, therapeutic translation remains nascent. 
Major hurdles include methodological standardization to control for batch effects, establishing robust normalization protocols for 
quantification, addressing significant inter-individual variability, and navigating evolving regulatory pathways for EV-based products.

5. Methodological Considerations and Technical Perspectives
Although EV-derived lncRNAs are promising non-invasive biomarkers for diagnosis, prognosis, and therapeutic monitoring, their 
clinical translation is still limited by three major methodological challenges: isolation and purification, detection and analysis, and 
standardization (Figure 3). Ultracentrifugation remains the classical gold standard for EV isolation but is labor-intensive and may 
damage vesicle integrity. Alternative approaches, including differential centrifugation, density gradient centrifugation, 
polymer-based precipitation, and size-exclusion chromatography (SEC), each involve trade-offs between purity, yield, scalability, and 
downstream compatibility. Differential centrifugation often results in contaminant co-precipitation, density gradients provide high 
purity but low yield, and polymer-based methods may introduce interfering residues. Emerging platforms such as SEC, microfluidic 
systems, and the EXODUS system offer improved purity, throughput, and preservation of biological activity and are summarized in 
Table 2[137]. Detection of EV-derived lncRNAs is further hindered by their low abundance (≈3.36% of total exosomal RNA) and complex 
structural features, which limit the sensitivity of conventional qPCR. Current strategies include pre-amplification, selection of stable 
lncRNAs, and complementary validation using RNA immunoprecipitation and dual-luciferase reporter assays. In parallel, the lack of 
standardized protocols contributes to substantial inter-laboratory variability; therefore, the Minimal Information for Studies of 
Extracellular Vesicles guidelines recommend the use of multiple positive and negative EV markers to ensure data comparability.

Recent advances are progressively overcoming these limitations. Combined isolation strategies (e.g., SEC plus density gradients) 
improve EV purity and RNA fidelity[138], while low-input library preparation, Unique Molecular Identifier-based quantification, and 
long-read sequencing substantially enhance sensitivity and quantitative accuracy[139,140]. Moreover, single-EV RNA sequencing and 
multi-omics integration have revealed pronounced transcriptomic heterogeneity among individual vesicles, enabling more precise 
molecular characterization and accelerating the application of EV lncRNAs in precision medicine[141].

Overall, continued optimization of isolation methods, detection technologies, and standardization frameworks is expected to further 
improve the reproducibility and clinical translational potential of EV-derived lncRNA research.

The schematic summarizes five commonly used EV isolation methods, including ultracentrifugation, immunoaffinity capture, density 
gradient centrifugation, polymer-based precipitation, and SEC. Each method differs in yield, purity, equipment requirements, and 
downstream compatibility. Ultracentrifugation remains the gold standard, while SEC provides superior EV integrity and 
reproducibility.

6. Discussion
Although EV-associated lncRNAs have garnered attention, their classification and functional study face significant challenges. Most 
studies still classify EV-associated lncRNAs based on their genomic location or the size and origin of EVs, yet a unified framework 
integrating vesicle origin, molecular function, and selective loading mechanisms remains lacking. Current investigations also tend to 
focus on individual lncRNAs rather than conducting systematic or comparative analyses. EVs are highly heterogeneous, with different 
sources and isolation methods strongly affecting RNA cargo, while packaging mechanisms remain complex and only partially 
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understood, with RBPs such as hnRNPA2B1 implicated. Isolation approaches, including ultracentrifugation, precipitation, density 
gradient centrifugation, size exclusion chromatography, immunoaffinity capture, and microfluidics, differently impact vesicle 
integrity and RNA content. Future studies should comprehensively map aging-specific EV-lncRNA repertoires, combine single-EV or 
single-cell sequencing with functional validation, and advance clinical translation, including liquid biopsy biomarkers and EV-based 
therapeutic strategies. Integration with multi-omics and AI may enable precise aging prediction models and mechanistic insights.

Figure 3. Comparison of major EVs isolation techniques. EV: extracellular vesicle.

Table 2. Comparison of major EV isolation methods.

Method Advantages Disadvantages

Ultracentrifugation Widely recognized as the gold standard; capable of 

processing large sample volumes; does not require 

chemical reagents

Time-consuming and equipment-intensive; high 

centrifugal force may damage EVs structures; limited 

purity[131]

Precipitation Simple and rapid operation; suitable for parallel 

processing of multiple samples

Co-precipitation of non-exosomal proteins or lipids; 

reduced purity; potential interference with downstream 

analyses[132]

Density Gradient 

Centrifugation

High purity and low contamination; enables separation 

of different EV subtypes

Complex and time-consuming; limited sample 

volume[133]

SEC Maintains EVs integrity and bioactivity; no chemical 

contamination

Slow separation speed; limited sample volume[134]

Immunoaffinity Capture High specificity and purity; enables isolation of EVs from 

specific sources or with defined functions

Some EVs lack target surface markers; magnetic bead 

detachment may affect downstream assays[135]

Microfluidic Technology Requires minimal sample volume Limited throughput; potential device clogging[136]

EV: extracellular vesicle; SEC: size exclusion chromatography.
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7. Conclusion
In summary, EV-associated lncRNAs represent a promising yet still emerging area of research with significant translational potential. 
Advancing this field will require the establishment of standardized EV-isolation and characterization protocols, the implementation of 
rigorous in vivo functional studies, and the integration of large longitudinal human cohorts to validate candidate biomarkers and 
develop reliable lncRNA-based aging clocks. Addressing these challenges is essential to move beyond correlative observations and 
achieve clinically meaningful applications in aging research and regenerative medicine.
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